Introduction
It has been known for a long time that the allocation of resources during vegetative growth depends on the availability of nitrogen and other nutrients (Brower, 1962; Lambers et al., 1990; Marschner, 1995) . Moderate nitrogen deficiency inhibits shoot growth and even stimulates root growth (see for example A gren and lngestad, 1987; Fichtner and Schulze, 1992; Wagner and Beck, 1993) . More extreme nitrogen deficiency leads to a general inhibition of growth, but root growth is decreased less than shoot growth. As a result, the ratio of shoot biomass:root biomass decreases from 3-4 in nitrogen-replete plants to 1.5 or lower in nitrogen-deficient plants. This change of allocation allows leaf production and plant photosynthesis to be increased when adequate nitrogen is available, and allows invest ment in root growth to be increased to improve nutrient aquisition when nitrogen is limiting (Bloom et al., 1985; Schulze and Chapin, 1987) .
The mechanisms that regulate allocation to shoot and root growth have not yet been identified. The nutrient supply hypothesis (Brower, 1962 (Brower, , 1963 proposed that root growth is favoured in nitrogen-deficient plants because a larger proportion of the incoming nitrogen is retained and assimilated in the roots. However, it is now known that amino acids are cycled between the shoot and root, moving fr'om the shoot to the root in the phloem, and fro m the root to the shoot in the xylem (Cooper and Clarkson, 1989; Komor, 1994) . Since this cycling continues at high rates in nitrogen-deficient plants (Agrell et al., 1994; Ericsson, 1995) , it seems unlikely that the rate of root growth is controlled by the rate of nitrate assimilation in the roots.
It is more likely that the relative rates of shoot and root growth are modulated by signals related to the nitrogen status of the plant. There is a near linear relation between shoot-root allocation and the internal concentration of nitrogen over a wide range of nitrogen contents ( A gren, 1985; A gren and lngestad, 1987; Levin et al., 1989) . Many studies (see tor example Buysse et al., 1995; Chu et al., 1992; Ericsson, 1995; Huber, 1983) have found correlations between levels of starch, sugars, amino acids, and shoot root allocation when the nitrogen supply is altered. How ever, it is not known whether these changes are respons ible, either as a signal or as part of the resulting chain of events, for the new relation between shoot and root growth.
It has also been proposed that the relative rates of root and shoot growth are regulated by phytohormones. There is a correlation between nitrogen supply, cytokinins, and shoot-root allocation (Kuiper, 1988; Kuiper et al., 1989; Wagner and Beck, 1993) . However, it is unclear how plant nitrogen status is linked to changes of specific cytokinins, and how cytokinins act to alter partitioning.
Although high nitrogen fertilization reduces the overa ll rate of root growth compared with shoot growth, root growth is stimulated locally when there is a high concentra tion of nitrate in part of the rooti ng zone (Drew, 1975; Drew and Saker, 1975; Granato and Raper, 1989; Laine et al., 1995) . The resulting proliferation of lateral roots presum ably improves nitrate uptake from non-homogenous soils.
The mechanisms involved in sensing nitrate and stimulat ing local root growth have not been discovered, and it is unclear how this local stimulation of root growth interacts with signals that control root growth in response to the nitrogen status of the whole plant.
The interpretation of experiments with whole plants is complicated by the far-reaching effects of nitrogen on the metabolism and physiology of the plant. Increased nitrogen ferti lization leads to increased uptake and assimilation of nitrate and ammonium (Crawford, 1995; Hoff et al., 1994; Redinbaugh and Campbell, 1991 ) , increased levels of amino acids (Ferrario et al., 1995) , changes in the pH and ion balance and altered levels of organic acids like malate whose metabolism is closely linked to the assimilation of nitrate and ammonium (Kaiser and Forster, 1989; Martinoia and Rentsch, 1994) , decreased levels of storage carbohyd rates like starch (see above, also Fichtner and Schulze, 1992; Stitt and Schulze, 1994) , increased protein levels, altered levels of phytohormones (see above), and faster growth. It is difficult to unambiguously identify which, if any, of these changes are causally linked to the change in allocation, because they all occur in parallel when nitrogen nutrition is changed.
By growing genetically altered plants that are deficient in specific steps of nitrogen metabolism under appropriate conditions, it should be possible to manipulate the in vivo concentrations of putative signals in a more specific man ner. In the following experiments, we have grown tobacco mutants and transformants (MOiier 1983; MOiier and Mendel, 1989; Vaucheret et al., 1990) with decreased expression of nitrate reductase at a range of nitrate sup plies. Our first aim was to investigate whether this plant material allows the plant nitrate level to be manipulated without large accompanying changes in the organic nitro gen status of the plant and the overall rate of plant growth .
Our subsequent aims were to investigate whether the accumulation of nitrate per se acts as a signal to regulate shoot-root allocation, and to assess what mechanisms might be involved.
Results

Expression of nitrate re ductase
Wild-type tobacco has four gene copies for nitrate reduc tase at the loci nia 7 and nia2. The mutants used in the following studies possess point mutations in one or both of these structural genes. Line F23XNia30 contains one functional copy of nia2, and line F22xF23 contains one functional copy of nia 7 and one functional copy of nia2.
These mutants have 50-80% of the wild-type nitrate reduc tase activity (NRA) (MOiier and Mendel, 1989) . To generate the transformants Nia30( 145) and Nia30(461), the double null mutant Nia30 (nia 1-, nia 1-, niaZ-, niaZ-) was trans formed with a 12 kb genomic sequence containing a 5 kb upstream promoter sequence, the entire structural sequence, and a 2 kb downstream section of the tobacco nia2 gene (Vaucheret et al., 1990) . In some experiments, two further, independently selected, leaky double null mutants Nia34 and Nia46 (MOiier and Mendel, 1989) with about 3 and 15% of wild-type NRA, respectively, were included. Plants were grown in a growth chamber in sand culture at three different nitrogen supplies, under a 12 h/ 12 h light-dark cycle at high (600 µmol photons m-2 sec-1 ) light intensity and watered daily 2-3 h into the photoperiod with a nutrient solution containing 12 mM, 1.6 mM or 0.2 mM nitrate, added as a mixture of the potassium and magnesium salt. Wild-types supplied with 12 mM nitrate had nitrate available in the sand throughout the subsequent 24 h, whereas wild-types supplied with 0.2 mM nitrate absorbed the added nitrate withi n 2-4 h (data not shown).
Nitrate reductase expression was inhibited in a uniform manner in the mutants and transformants at all three nitrate supplies ( Figure 1 ). The first mature leaf was sampled at midday ( Figure 1a ), when NRA was maximal under our growth conditions (data not shown). As expected (see, Crawford, 1995; Hoff et al., 1994) , increasing the supply of nitrate led to increased NRA in the leaves of the wild-type.
Each mutant showed a similar inhibition of NRA, relative to the wild-type, at each nitrate supply. The transformants Nia30(145) and Nia30(461) had low NRA in their leaves under all conditions (1-2% of the wild-type in 12 mM nitrate, 3-3.5% of the wild-type in 1.6 mM nitrate, and 5-6% of the wild-type in 0.2 mM nitrate).
Similar results were obtained for the roots (Figure 1 b) .
NRA was about five times higher in the leaves than in the NRA in roots (µmol h
Nitrate regulates shoot-root allocation 673 root, on a fresh weight (FW) basis (compare Figure 1a and b). This ratio of 5:1 was retained independently of the nitrate supply, and was also unaffected in the mutants (Figure 1c) . A similar ratio was also found in the almost NRA-deficient transformants in low nitrate. The ratio rose slightly in high nitrate, because activity increased in the root but not in the shoot when the transformants were supplied with more nitrate (see insert in Figure 1c ). Since leaf biomass is two-to fourfold larger than the root biomass (see below), the majority of the NRA is always located in the leaves. Figure 2 ), and therefore grew much more slowly than the wild-type on 1.6 and 12 mM nitrate.
Nitrogenous compounds were measured in the fi rst mature leaf (Figure 3a, c, e, g, j) and in the roots (Figure 3b, d, f, h, k) . Nitrate was low in the leaves of wild-types growing on 1.6 and 0.2 mM nitrate, but accumulated on 12 mM nitrate. There was a small but significant increase of nitrate in the leaves of the mutants compared with the wild-type at the same nitrate supply. However, the absolute amount of nitrate remained low {see insert box for the data for 1.6 and 0.2 mM nitrate) except when the mutants were grown on 12 mM nitrate. There was a large increase of nitrate in the transformants. Very high absolute contents were reached when transformants were grown on 12 and 1.6 mM nitrate. Transformants growing on 0.2 mM nitrate also accumulated nitrate {see insert) but they contained much less nitrate under these conditions (5 µmol gFW-1 ) than a wild-type on 12 mM nitrate (30 µmol gFW-1 ). The nitrate levels shown in Figure 3 were measured in samples taken 4 h into the photoperiod. The differences between the genotypes were somewhat larger at the end of the photoperiod, because nitrate was depleted more rapidly in the wild-type and in plants growing on low nitrate {data not shown).
Similar changes occured in the roots (Figure 3b ), except that nitrate did not increase as much in the mutants and transformants. For example, whereas transformants growing on 1.6 mM nitrate contained much more nitrate in their leaves than wild-types growing on 12 mM nitrate {Figure 3a), they contained similar levels of nitrate in their roots (Figure 3b ). Further analyses confirmed that the accumulation of nitrate in the leaves and other parts of the shoot, including the midrib, the petioles and the ste m, was much more marked than in the root {data not shown).
An increased supply of nitrate led to a twofold increase of protein in wild-type leaves, with the major increase occuring between 0.2 and 1.6 mM nitrate {Figure 3c).
Mutants with a small decrease of nitrate reductase expression had similar levels of protein to the wild-type. an independent leaky double nia null mutant, with 3-5% of wild-type nitrate reductase expression (Muller and Mendel, 1989) .
To determine whether the changes of the shoot: root ratio were due to modulation of shoot and/or root growth, root separately (Figure 4b and c) . Whereas wild-type shoot growth is inhibited by 25% and 77% when the nitrate supply is decreased from 12 mM to 1.S and 0.2 mM, respectively, wild-type root growth is unaltered at 1.S mM nitrate, and is inhibited less (SO%) than shoot growth at 0.2 mM nitrate (see Introduction). The rates of shoot and root growth in the mutants resemble those in the wild type, except on 12 mM nitrate when shoot growth is slightly increased and root growth is slightly decreased, compared with the wild-type (see below for more data).
When the transformant is grown on 0.2 mM nitrate, the rates of shoot and root growth resemble those in a nitrate limited wild-type. When the nitrate supply is increased there is a two-to threefold inhibition of root growth in the transformants, and a twofold stimulation of shoot growth. Plants were also grown at several higher nitrate concentraNitrate regulates shoot-root allocation 677 tions (between 1.6 and 20 mM, see right-hand side of when the wild-type roots had a similar biomass to the transformants between 3-6 weeks.
Phosphate limitation overrides the effect of nitrate
We next investigated whether the high shoot:root ratio induced by nitrate accumulation in the shoot is reversed when another signal is superimposed that should favour root growth. To do this, we grew the transformant in the presence of 12 mM nitrate (to produce a high shoot:root ratio) in the presence of increasingly limiting phosphate (Ericsson, 1995; Marschner, 1995) .
Limiting phosphate led to a progressive inhibition of shoot growth (Figure 10a ). Root weight increased between 3 mM and 50 µM phosphate (251 ± 28 compared with 326 ± 13 mgDW), and remained high at 20 µM phosphate (249 ± 24 mgDW) (Figure 10a ). Overall growth was severely restricted at the lowest phosphate concentration (5 µM), but root growth was inhibited less than shoot growth, with the result that the roots (31 ± 5 mgDW) were almost as large as the shoot (54 ± 9 mgDW). Although nitrate levels are decreased in phosphate-limited plants (see also Rufty et al., 1993) , nitrate still accumulated to high levels in the transformants (see Figure 10b) . Figure 10b compares the relation between nitrate content and shoot-root allocation for phosphate-replete (the regression line is taken from Figure 7 ) and phosphate-deficient wild-types and trans formants. The shoot:root ratios of phosphate-limited trans formants (2.0-2.5) resemble those of phosphate-limited wild-types, even though they still contain very high levels of nitrate.
In parallel experiments, nitrate reductase-deficient trans formants were grown on 12 mM nitrate and limiting potas sium (30 and 300 µM instead of 15 mM). Potassium (e) Growth of the shoot (0), the root sector that received 12 mM nitrate (•), and the root sector that received 0.2 mM nitrate I•) in the Nia30 (145) transformant, calculated for the time intervals (after transfer to the split root system) of 0-3 weeks and 3-6 weeks. The rates of shoot (0) and root growth of transformants growing with their entire root system in 12 (• and 0.2 mM (•) nitrate are given for comparison. Plants were grown for 7 weeks in 1 mM ammonium chloride, before dividing their root systems into two equal halves, replanting in sand in pots with two compartments, one of which was watered daily to field capacity with nutrient solution containing 12 mM nitrate, and the other with 0.2 mM nitrate. Successive harvests were carried out after 3 and 6 weeks. The results are the means ± SE (n = 4).
limitation does not lead to a decrease of the shoot:root ratio (Ericsson, 1995; Marschner, 1995) . Plant growth was strongly decreased, but the high nitrate contents and high shoot:root ratios were retained in these potassium-limited plants (data not shown). The reversal of the high shoot:root ratio on low phosphate is due to a specific effect of limiting phosphate, rather than a non-specific side effect of a growth inhibition. Plants were grown as in Figure 2 , except that the phosphate concentration was decreased from 3 mM to 50 µM, 20 µM or 5 µM, and were harvested after 60 days (Nia30(145) or 35-38 days (wild-type). The results are the means ::t: SE (n= 4-6).
limited wild-types (Figure 3d and f). The significance of this decrease for the regulation of shoot-root allocation is difficult to evaluate, because root growth is increasing relative to shoot growth but decreasing in relative terms (see Figure 4) . It is also difficult to decide whether the decrease in the wild-type just reflects a shortfall of organic nitrogen, or if it is the result of directed change in nitrogen allocation and use.
Unexpectedly, the roots of transformants growing on 12 mM nitrate had higher levels of amino acids and protein (see Figure 3d and f) than nitrogen-deficient wild-types, even though their roots were growing much more slowly and they had a very high shoot:root ratio (see Figure 4c ).
The relation between root growth and root amino acid levels was further investigated in the split-root experiment.
In the wild-type (data not shown) both split-root sectors contained similar levels of amino acids (7.3 ± 1.7 and 5.4 ± 0.5 µmol gFW-1 ). They resembled t h e roots of wild types whose entire root system received 12 mM nitrate (6.4 ± 0.7 µmol amino acids gFW-1 , see also Figure 3b ).
Wild-types whose entire root system was supplied with 0.2 mM nitrate contained much lower levels of amino acids in their roots (1.2 ± 0.2 µmol gFW-1 , see also Figure 3b ).
Similar results have been obtained in split-root experi ments with Brassica napus (Laine et al., 1995) and have been interpreted as evidence that the root amino acid levels depend on the recycling of amino acids from the shoot, rather than the local supply and assimilation of nitrate.
Similar levels of amino acids were also fo und in the high-and low-nitrate split-root sectors of Nia30 (145) ( Figure 11a) , and in the roots of a transformant whose entire root system was supplied with 12 mM nitrate, whereas transformants whose entire root system was resembled the wild-type with respect to their leaf carbo hydrate pools when they were grown on 0.2 or 1.6 mM nitrate. Starch turnover was slightly lower than in the wild· type, when the mutants were growing on 12 mM nitrate (under which conditions nitrate accumulates in the mutants, see Figure 3a ). The transformants, Nia30 (145) and Nia30(461 ), resembled nit � ogen-deficient wild-types with respect to starch content, starch turnover, and sugar levels when they were grown on 0.2 mM nitrate (Figure 12a-d ; squares), but behaved totally differently when they were grown on 1.6 or 12 mM nitrate (shown in Figure 12 as circle and triangle). Under these conditions (when nitrate accumulates to high levels, see Figure 3a ), the leaves contained much less starch than expected in a nitrogen-deficient plant (Figure 12a ), the diurnal volume of
Nitrate regulates shoot-root allocation 683 root growth in fast-growing nitrogen-replete plants. To compensate for factors that affect the overall rate of growth, the ratio of root biomass to whole plant biomass was calculated, to provide a normalized expression for alloca tion to root growth (termed the root weight ratio, Figure 13c ).
The root weight ratio changed in parallel to the root sugar content when wild-types and transformants were grown at high and low nitrate (cf. Figure 13a and c). The slow growth of the split-root sector that received 0.2 mM nitrate (compared with the root of transformant whose entire root received 0.2 mM nitrate) was also associated with decreased levels of sugar in the root (cf. Figures 9c and 11b and c). As summarized in Figure 13d , there is a strong correlation between the level of sugar in the root and the root weight ratio for all data points from the whole-root experiments (Figure 13a-c) and the split-root experiment with the transform ant (Figures 9 and 11 ).
Sugars show a marked longitudinal gradient along the root (Geigenberger et al., 1996) , with sucrose being highest at the apex, and hexoses being higher in the elongating and mature regions of the root. The longitudinal distibution of sugars was investigated in wild-type and Nia30 ( 145) transformants growing on 12 mM nitrate. Compared to the wild-type (Figure 14a and b), Nia30(145) had significantly lower levels of sucrose at the root tip at the end of the night, but not at the end of the day. Nia30( 145) also had 30-50% less hexose sugars in the basipetal sections of the Nitrate re gulates shoot-root allocation 685 root (Figure 14c and d) , especially at the end of the night (Figure 14c ).
Discussion
To bacco genotypes with low expression of nitrate re ductase re semble a nitrate-defi cient wild-type in re spect to their growth rates and contents of organic nitrogenous compounds, but accumulate high levels of nitrate
The mutant lines F22 XF23 and F23XNia30 had about 30-50% less NRA than the wild-type, but showed a similar decline of NRA when the nitrate supply was decreased, and had a similar distribution of NRA between the leaves and the roots (Figure 1 ). The mutants resembled the wild type with respect to growth rate ( Figure 2 ) and protein content (Figure 3 ), as previously seen for mutants of barley (Warner and Huffa ker, 1989) , Ni cotiana plumbaginifolia (Dorbe et al., 1992; Ferrario et al., 1995) and Arabidopsis (Wilkinson and Crawford, 1993) with 50, 20 and 10% of wild type NRA respectively. However, the mutants contained 50-100% more nitrate and 50% less glutamine than the wild-type (Figure 3) . Glutamine or related compounds are thought to play an important role in signalling the availability of organic nitrogen (Hoff et al., 1994) . The When transformants and mutants with very low NRA were grown on 0.2 mM nitrate, the rate of root growth and the shoot: root ratio resembled those in a nitrate-deficient wild type. Unexpectedly, when they were grown on high nitrate, root growth was strongly inhibited, and the shoot:root ratio rose to higher values than are found in a nitrogen replete wild-type (Figure 4 ). When the transformants were grown on intermediate concentrations of nitrate, or when genotypes with a moderate change of nitrate reductase expression were grown on high nitrate, nitrate increased to more moderate levels in the leaves, and there was a smaller inhibition of root growth and increase of the shoot:root ratio (Figures 5 and 6 ). When wild-type plants were grown on very high nitrate, they also accumulated nitrate in their leaves, and this was again accompanied by a small inh ibition of root growth, and an increase of the shoot:root ratio. There was a very strong correlation between the nitrate level in the leaves and the shoot:root ratio (Figure 7) , irrespective of the absolute rates of growth of the plants, and irrespective of whether the nitrate levels in the leaves were being altered as a result of genetic manipulation of NRA or changes in the supply of nitrate.
A similar correlation was observed in plants that were severely nitrogen deficient, and in plants with relatively high amino acids and proteins, and growth rates (Figure 8 ).
We conclude that nitrate acts as a signal to regulate shoot root allocation.
Some data points deviate slightly from this strong rela tion between leaf nitrate and the shoot:root ratio. The shoot:root ratio is lower in wild-types growing on limiting nitrate than in nitrate reductase-deficient transformants growing on ammonium alone (left-hand insert of Figure 7 ).
Plants growing on ammonium nitrate have marginally higher shoot:root ratios than plants growing on nitrate alone (cf. Figures 7 and 8d) . The relation between leaf nitrate and the shoot:root ratio is also displaced in trans formants grown on low nitrate, compared with nitrate limited wild-types (left-hand insert of Figure 7 ). In the case of ammonium nutrition, these discrepancies might be due to a restriction of root growth as a result of acidification or competition for carbohydrate between root growth and ammonium assimilation in the roots. An alternative explanation is that shoot-root allocation is also regulated by another signal that is generated in nitrogen metabolism (see below).
Two lines of evidence show that root growth is inhibited as a result of accumulation of nitrate in the shoot, rather than the root. The correlation between leaf nitrate content and shoot: root allocation is much stronger than the correla tion with root nitrate. However, such correlations could be misleading, if the signal originates from a subpool of nitrate. Stronger evidence was obtained in a split-root experiment in which the transformant was grown with part of its roots in low nitrate and part in high nitrate. The root sector that was supplied with low nitrate grew 8-20 times more slowly than the root of a transformant whose entire root system was in low nitrate. This inhibition occurs because the low-nitrate root sector of the split-root plant is attached to a shoot that contains a high concentration of nitrate, due to nitrate uptake and translocation from the other half of th e split-root system.
Our experiments do not reveal how nitrate is sensed in the shoot. Nitrate also acts in the leaves as a signal to induce expression of nitrate reductase (Crawfo rd, 1995; Hoff et al., 1994) , and a large number of genes required for further steps in nitrate assimilation and production of organic acids, and to repress agpS (Scheible, Caboche and Stitt, unpublished), the structu ral gene encoding the large subunit of ADP-glucose pyrophosphorylase. Laine et al. (1995) have proposed that nitrate accumulation in the shoot acts as a signal to regulate nitrate uptake in the roots.
More experiments are needed to establish whether these responses are derived from a common nitrate sensing mechanism, and whether the signal(s) is ( Experiments with heterogenous rooting substrates (Drew, 1975; Drew and Saker, 1975; Granato and Raper, 1989 ) and split-root systems (Laine et al., 1995) Shoot-root allocation is also regulated by other signals, unrelated to nitrogen status. Such signals include phos phate depletion (Ericsson, 1995; Marschner, 1995) . If root growth is to respond to a shortfall of one nutrient, it will be necessary to override signals related to an oversupply or accumulation of other nutrients. In agreement, when Nia30(145) transformants were grown on limiting phos phate, the inhibition of root growth from nitrate accumula tion in the shoot was overridden, and the shoot:root ratio decreased to a value similar to that of a phosphate-limited wild-type even though the transformants still contained a large amount of nitrate in their leaves (Figure 10b ).
Shoot-root allocation is not altered due to changes in the availability of nitrogenous co mpounds in the roots
The operation of a cycle of amino acids between the shoot and root (Agrell et al., 1994; Cooper and Clarkson, 1989; Komar, 1994) indicates that the location of nitrate assimila tion is unlikely to be an important factor for the regulation of shoot-root allocation, but opens the possiblity that root growth could be selectively stimulated by recruiting more amino acids from this cycle.
In the wild-types, an increased supply of nitrate leads to increased levels of amino acids ( Figure 3f ) and protein ( Figure 3d ) in the roots, an increased absolute rate of root growth and a decreased rate of root growth relative to the shoot. It is difficu lt to evaluate the significance of these changes for the regulation of shoot-root allocation in the wild-type, because they may just reflect general changes in the availability of organic nitrogen, and because alloca tion and overall growth are changing simultaneously.
Nitrate reductase-deficient transformants provide a sim pler experimental system to investigate whether shoot root allocation is modulated by changing nitrogen alloca tion, because nitrate alters shoot-root allocation in these plants without any significant side-effects on the overall levels of protein and amino acids, or the overall rate of growth. (Figures 2 and 3 ). Protein and amino acids The nitrate-induced changes of shoot-root allocation are accompanied by changes in photoassimilate partitioning
There was a strong negative correlation between nitrate accumulation in the leaf and sugar levels in the root, and a positive correlation between the latter and the root weight ratio. This correlation was found for wild-types and for transformants, and for plants growing normally and in a split-root system. These results indicate that nitrate can regulate carbon allocation.
Many earlier studies have found a correlation between nitrogen-deficiency, starch accumulation, and low shoot:root ratios (see for example Chu et al., 1992; Huber, 1983; Rufty et al., 1988) , indicating that the sucrose derived from remobilization of starch during the night preferentially supports root growth. There was a striking inhibition of starch synthesis and diurnal turnover of starch when nitrate accumulated in the leaves of the transformants (Figure 12a and b). It will be shown elsewhere that the inhibition of sta rch synthesis is due to repression of ADP-glucose pyrophosphorylase by nitrate, and to a parallel induction and activation of phosphoenolpyruvate carboxylase lead ing to a decrease of the allosteric activator, glycerate-3 phosphate (Scheible, unpublished results).
This inhibition of starch metabolism correlates with the inhibition of root growth and the decline of the root weight ratio (plot not shown). It is one of a series of coordinated changes that are induced by nitrate, and could contribute to the change of shoot-root allocation. However, it is not the only or major factor, for several reasons. Firstly, leaf sugars are not decreased at the end of the night, indicating that the rate of export has been decreased at least as strongly as the rate of starch mobilization. Secondly, the sugar content of the root is not only decreased in the night (when starch mobilization will be supporting sucrose export to the growing sinks) but is also lower during the day (when the sucrose is derived directly from newly fixed carbon, and a low rate of starch synthesis should not decrease and should even increase the momentary rate of export). Thirdly (see Schulze et al .. 1991 Schulze et al .. , 1994 , sta rch deficient Arabido psis mutants still decrease their shoot root allocation when nitrogen is limiting.
Our results indicate that carbon transport to the roots is inhibited in the plants with high levels of nitrate in their leaves. In the wild-type, an increased supply of nitrate leads to higher sugar levels in the leaves (Figure 12c the structural gene encoding the small subunit of Rubisco (Fichtner et al., 1993; Stitt and Schulze, 1994) . Compared with the wild-type, transformants with low expression of
Rubisco accumulated large amounts of nitrate in their leaves and had a two-to threefold increase of their specific leaf area when they were grown on 6 mM ammonium nitrate (Fichtner et al .. 1993) . Under these conditions, the rbcS antisense lines also had a slightly higher shoot:root ratio than the wild-type. When the same genotypes were grown on limiting ammonium nitrate, the low-Rubisco transformants still accumulated high concentrations of inorganic solutes in the leaves (under these conditions mainly potassi um sulphate rather than potassium nitrate) and still had a two-to threefold higher specific leaf area than the wild-type, but there was no diffe rence between the shoot:root ratios of the wild-type and the low-Rubisco transformants. These results show that the shoot: root ratio only increases when nitrate accumulates, and that this response can be separated from the effect of high solute concentrations on leaf expansion.
In conclusion, accumulation of nitrate in the shoots of tobacco plants leads to an inhibition of root growth. This 
Experimental procedures
Plant growth conditio ns
All tobacco genotypes (Nicotiana tabacum L. wild-type cv.
Gatersleben 1; mutants F22 x F23, F23 x Nia30, F22 x Nia30, Nia46, Nia34 (MOiier, 1983; MOiier and Mendel, 1989) and trans formants Nia30(145), Nia30(461) (Vaucheret et al., 1990) were grown under a 12 h light/12 h dark regime (irradiance 600 µmol photons m-2 sec-1 at plant height, mercury-vapor lamps Powerstar
HOl-T 400 W/D daylight, OSRAM, Germany) at 25°C (day), 20°c
(night) and 60% relative humidity, in pots filled with quarz cristal sand (DORSIUT®, particle size 0.4--1.2 mm diameter; Fa. Te stra Schafer, Mannheim, Germany). They were watered daily to field capacity with a complete nutrient solution (Fichtner et al., 1993) containing a nitrogen (or phosphorus) concentration as indicated.
Until the appearance of the fifth leaf, a stage where the plantlets had 5% or less of their final dry weight, 50% of the nitrogen was given as ammonium. The plantlets were then transferred to 1.5 I pots, filled with fresh sand, and the nitrogen source changed to 100% nitrate. Depending on the genotype and level of nitrogen nutrition, plants were harvested at different times (see figure legends) when they were sti ll in the exponential phase of growth with a rosette of leaves, and before internode elongation had started. Plant material was dried subsequently at 65°C for growth analysis, harvested in liquid nitrogen and kept at -80°C for carbo hydrate, protein, amino acid and nitrate determinations, or kept in liquid nitrogen for NRA measurements.
Split-root culture
Roots of 7-week-old Nia30(145) transformants, grown on 1 mM ammonium chloride as sole nitrogen source under the same conditions described above, were divided into two equal parts and fitted into a Y-tube connector (internal diameter: 14 mm) through which the two root parts were directed to two fresh pots which were watered daily to field capacity with high (12 mM) or low (0.2 mM) nitrate nutrient solution. To avoid desiccation of the root in the Y-connector, it was filled with sand and moistened several times per day with a few millilitres of 0.2 mM nitrate nutrient solution. After 3 and 6 weeks, transformant plants were harvested 4 h into the photoperiod by weighing and dissecting them rapidly into shoot and the two root pa rts, before drying the materials at 65°C for 48 h. Subsamples of all tissues were frozen in liquid nitrogen and stored at -80°C until further use.
Determination of carbohydrates, amino acids, protein and nitrate
Sucrose, glucose, fru ctose and starch were measured in the soluble and residual fractions of an ethanol/water extract as described in Jelitto et al. (1992) .
Amino acids were measured in the same extracts by HPLC according to the method of Golian et al. (1992) as described in Geigenberger et al. (1996) .
Protein (sum of the soluble and unsoluble fractions) was quanti fied by the method of Bradford (1976) with BSA as sta ndard as described in Fichtner et al. (1993) . Protein was also quantified according to the method of Schaffner and Weissmann (1973) Nitrate, finally, was determined in the ethanol/water extracts by HPLC as described in Gebauer et al. (1984) .
Nitrate reductase activity (NRA)
Plant material stored in liquid nitrogen was ground to a fine powder in a mortar that had been precooled with liquid nitrogen. 
Calculation of growth parameters
The relative growth rate ( The root weight ratio (RWR) is given by the quotient frDW/fpDW.
